Handheld implements are usually accelerated. The hand generates a free moment required for acceleration. By considering this torque, the centre of pressure moves further away from the centre of mass of the implement. In implements accelerated by a torque before impact, the centre of pressure is closer to the tip of the implement than in stationary implements. The hand force as a function of time was obtained from simulating impacts at various locations in an implement accelerated by a torque. The hand force was never zero throughout the impact. In higher impact locations, the hand force is negative first and then becomes positive. At the transition from positive to negative, the hand force is instantaneously zero. In lower impact locations, the hand force is always negative.
Introduction
If the centre of percussion, CP, of a striking implement (e.g. racquet, bat, club, etc.) is hit by an object, then no shock force is felt at the hand, as inertial and impact forces, 
Symbols are defined in the Nomenclature section. Eqn (1) refers to freely suspended implements and to implements with one free and one pinned end. The fact that implements are handheld was treated in the literature in various ways.
Cross [1] added the hand mass to the implement (tennis racquet), which causes the CP to shift towards the handle. Hatze [2] tested a racquet by clamping the handle in an instrumented manusimulator and by hitting the a priori known CP location with a ball. From the recorded hand forces, Hatze concluded that the centre of rotation moves during impact. Fisher et al. [3] tested cricket bats by fixing the handle in instrumented clamps and by hitting the bat at various locations with a cricket ball. They estimated the CP from the minimum force at only one of the four transducers.
Implements are usually not stationary and hit by an object. It is rather the other way round, i.e. an implement purposely hits an object (e.g. ball) as hard as possible, which implies that the implement must be accelerated to maximal speed. The acceleration is produced by a torque T imparted by the hand to the implement. The effect of this torque has never been considered so far.
The aim of this study was to investigate the effect of a torque on the location of the CP of an accelerated implement.
Nomenclature

CP
centre of percussion 
Analysis
If F H = 0, the prerequisite for defining the CP, then
The moment equilibrium about the COM results from
Eqn (4) indicates that the larger T, the larger b CP , and thus the CP moves towards the tip of the implement. Even if the torque is known, F A , F I , and α depend on various input parameters and are moreover time dependent. Hence, an impact simulation is required. Fig. 1 . diagram of simulated implement and Fig. 2 . hand force FH against time for impacts at various locations (in % of length impact. T = anticlockwise torque imparted of implement). before impact and also during the impact; during impact, the implement is decelerated and thus accelerated clockwise.
Simulation
The simulation was carried out in Visual Nastran 4D (MSC.Software Corporation, Santa Ana CA, USA). The implement was modeled as a uniform rod in a zero-g environment (Figure 1 ). The implement was joined to the frame link by springs, which produce the free moment required for accelerating the implement. The ball was modeled as a solid sphere, joined to a small sphere of negligible mass by a spring. The spring served to simulate the elastic deformation of the ball.
The implement mass and I COM were 0.785 kg and 0.0165 kg m 2 , respectively; and the ball mass was 0.16 kg. The collision speed between ball and implement was 5 m/s. If handle end and tip of the implement are 0% and 100% respectively (Figure 1) , then the springs are located at 6% and 18.8%. The centre of the spring attachments was at 12.4%, and thus r = 37.6% of the length of the implement. The radius of gyration k of a uniform rod is 12 -0.5 times the length, i.e. 28.88% of the length. From Eqn (1), b CP = 22.16% and thus the CP must be located at 72.16%, if no torque is applied to the implement. A free moment of 7.6 Nm was applied in anticlockwise direction by the springs to the implement and the hand force during impact was recorded as a time series at various impact locations. Figure 2 shows that the hand force is never constantly zero during impact. For impact locations > 82.6% of the implement length, the hand force acting on the implement is negative (loading the palm) in the early stages of the impact and positive (loading the fingers) in the later stages. Zero hand force is only instantaneous. The further the CP is off the COM, the earlier the transition from negative to positive F H occurs, the smaller is the negative peak F H , and the larger is the positive F H . For impact locations < 82.6%, the hand force is negative throughout the impact. Equal positive and negative hand forces were recorded at an impact location of 85% of the implement length ( Figure 3 ) for a torque of 7.6 Nm. 
Results
Discussion
If a moment is applied to an implement, a typical CP does not exist, i.e. a CP which satisfies the condition of zero hand force throughout the impact. The term "CP" needs to be re-defined, e.g. as minimal hand force instead of zero hand force. As expected from Eqn (4), by considering minimal hand force for defining the CP, the CP moves away from the COM when a torque is applied.
From his results, Hatze [2] assumed that the rotation centre is mobile and concluded that "the concept of the centre of percussion is only of limited use". He suggested "to minimize the impact shock experienced by the hand-arm system over the whole impact period", which is in line with the re-definition of the CP given above.
Conclusion
The concept of the centre of percussion needs revision and the CP requires being re-defined. This is based on the fact that striking implements are accelerated by a torque imparted by the hand to the implement. A centre of percussion as such does not exist and zero hand force is only instantaneous.
